Gli-type zinc finger proteins play important regulatory roles in vertebrate and invertebrate embryogenesis. In Xenopus, the Gli-type proteins XGli-3 and XGli-4 are first expressed in earliest stages of mesoderm and neural development. Transient transfection assays reveal that XGli-3 and XGli-4 can function as transcription repressors. Counteracting the Gli-protein repressor activity by ectopic expression of a fusion protein that contains the Gli-zinc finger cluster connected to the E1A activator domain in Xenopus embryos results in specific morphological alterations in the developing somites and in the central nervous system. Altered expression characteristics for a broad set of molecular markers highlighting specific aspects of mesodermal and neural differentiation demonstrate an important role for Gli-type zinc finger proteins in the early mesodermal and neural patterning of Xenopus embryos.
Introduction
The TFIIIA-type C 2 H 2 zinc finger motif defines a large superfamily of nucleic acid binding proteins in vertebrates. A relatively small number of these polypeptides belong to evolutionarily highly conserved subfamilies, each one of them carrying a characteristic pattern of zinc finger units with identical DNA recognition quality. Many of these highly conserved zinc finger proteins (ZFPs) have been found to play important regulatory roles in embryogenesis and cell differentiation (reviewed in Pieler and Bellefroid, 1994) .
The Gli-family is typified by a single cluster of five zinc finger units in tandem repeat with unique and therefore characteristic primary sequence features. The first member of this group of ZFPs was originally identified as an oncogene, amplified in various human tumors and termed Gli Roberts et al., 1989) . Two different, structurally related Gli-type proteins, termed Gli-2 and Gli-3, were isolated soon afterwards from human sources and they were shown to exhibit equal DNA binding specificities Vortkamp et al., 1995) . The cocrystal structure of the Gli-zinc finger/DNA complex has been solved (Pavletich and Pabo, 1993) . A putative function of these proteins in transcription regulation remains to be established.
The oncogenic potential of the Gli gene product had already provided a clear indication of important regulatory functions of Gli-type ZFPs. Further proof for this idea has come from two major, independent observations. Firstly, chromosomal translocation affecting the human Gli-3 gene locus has been shown to correlate with defects in limb and craniofacial development (Vortkamp et al., 1991) . Secondly, loss of Gli-3 gene expression in the mouse mutant extra-toes was found to result in severe defects of limb development, i.e. polydactyly, as well as in defects of forebrain development (Schimmang et al., 1992; Hui and Joyner, 1993) . Expression patterns of the different Gli-type proteins were characterized systematically in mice (Schimmang et al., 1992; Walterhouse et al., 1993; Hui et al., 1994) . During embryogenesis, expression of the three Gli genes is first detected during gastrulation in ectoderm and mesoderm, but not in the endoderm. Gli-type gene transcription is maintained in both germ layers during neurulation, with distinct patterns in the developing neural tube. It has been pointed out that the defects in both mesoderm-and ectoderm-derived tissues, as described for Gli-3 mutant mice, are consistent with these expression characteristics (Hui et al., 1994) .
Gli-type ZFPs have been highly conserved in evolution; related proteins were identified in organisms phylogenetically distant from vertebrates. The Drosophila segment polarity gene cubitus interruptus (ci) (Orenic et al., 1990; Slusarsky et al., 1995) , the C. elegans sex determination gene tra-1 (Zarkower and Hodgkin, 1992) , as well as the Drosophila pair-rule gene ODD (Benedyk et al., 1994) , all encode proteins carrying zinc finger clusters closely related to the vertebrate Gli-type zinc finger domain. The biological function of these three different invertebrate Gli-type proteins supports the notion that not only structure but also a more general function of Gli-type ZFPs in developmental decisions has been conserved in evolution.
We report on structure, expression and function of two different Gli-type proteins in Xenopus, termed XGli-3 and XGli-4. XGli-3 is the structural homologue of the corresponding mouse and human proteins; XGli-4 defines a novel member of the Gli-type protein family in vertebrates. Early expression of the Xenopus Gli protein encoding genes occurs in the mesoderm of blastula/gastrula stage embryos and in the anterior neuroectoderm at early neurula stages of development. Later embryonic expression is found to persist in the central nervous system and cranial neural crest, as well as in the developing somites. Based on the observation that both proteins can act as transcription repressors, we have devised a novel experimental strategy for the functional analysis of the Gli protein family in Xenopus embryos, which leads us to propose that this protein family is of primary importance for the early patterning of central nervous system and mesoderm-derived structures.
Results

2.1.
Identification and structural characterization of the xenopus gli-3 homologue and of a novel gli-type protein, termed xenopus gli-4 A PCR based cloning strategy (see Section 4 for details) was employed for the identification of two sets of overlapping cDNA fragments, one encoding the Xenopus Gli-3 homologue and termed XGli-3, the other one encoding a novel member of the Gli-type ZFP subfamily and termed XGli-4 (Fig. 1A) . XGli-3 and XGli-4 protein sequences were compared systematically with the other Gli-type ZFPs that had been described previously. Comparative sequence analysis of human Gli and human Gli-3 had revealed six regions of pronounced similarity outside of the zinc finger cluster (Ruppert et al., 1990) . Corresponding elements can also be detected in the Xenopus Gli-3 and Gli-4 proteins (Fig. 2) . Human and Xenopus Gli-3 homologues exhibit virtually identical spacing of these modules including the zinc finger cluster, thus defining a pattern that is unique to Gli-3. Human Gli, as well as Xenopus Gli-4 possess distinct patterns of the same set of elements. The overall structural organization of XGli-4, which is different from the murine/human Gli and Gli-3 proteins, therefore provides a first argument that XGli-4 is a novel, distinct member of the family. The same notion is supported by an estimate of the overall sequence identities for all Gli-type proteins characterized so far. Human and Xenopus Gli-3 proteins are 66% identical. XGli-4 is most closely related to XGli-3 (42%) and only 27% identical to human Gli. The Gli-2 sequence information available is primarily restricted to the zinc finger cluster Hui et al., 1994) . Comparison of the mouse Gli-2 zinc finger cluster with the other Gli proteins including XGli-4 reveals identities in the range of 87-94%, but 100% identity in a comparison with human Gli-2.
A small group of additional Gli-related proteins shares structural characteristics of Gli type zinc finger clusters, but lacks significant sequence similarities outside of this domain (Fig. 2) . They form a subgroup of polypeptides separate from the primary group of Gli-type proteins, and they include the murine Zic, as well as the Drosophila ODD and the C. elegans Tra-1 proteins. The Drosophila ci zinc finger cluster is more closely related to the corresponding vertebrate Gli domain than to the other invertebrate Gli related proteins and may therefore represent the closest relative of the vertebrate Gli-proteins from an invertebrate system. It contains one element of sequence similarity located outside of the zinc finger cluster and corresponding to the conserved box 1, as defined by Ruppert et al. (1990) (Fig. 2) . Furthermore, our sequence alignment reveals three additional elements which are common to the vertebrate Gli-3/ Gli-4 proteins and to the Drosophila ci protein; each one of these novel, closely spaced conserved sequences (termed box A, B and C in Figs. 1 and 2) contains a perfect consensus for a cAMP-dependent protein kinase (PKA) phosphorylation site. All vertebrate Gli proteins contain two additional, perfectly conserved PKA consensus sites in the Fig. 1 . Structural comparison of Xenopus XGli-3 and Xgli-4. (A) cDNA structure of XGli-3 and Xgli-4. Composite cDNA sequences were generated from sets of overlapping partial clones as indicated. XGli-3 and XGli-4 cDNAs contain multiple in frame termination sites upstream of the putative initiator methionine in the 5′-untranslated region as well as a polyadenylation signal and a poly(A) tail at their 3′-ends. (B) Protein sequence comparison of XGli-3 and XGli-4 (EMBL accession numbers are U42461 and U42462, respectively). Boxed regions (1-7) indicate the conserved sequence elements as defined by Ruppert et al. (1990) from a comparison of the human Gli and Gli-3 protein sequences. ZF denotes the zinc finger domain. Boxed sequence elements A, B and C denote a set of novel highly conserved sequence elements in vertebrate and invertebrate Gli-type proteins, as defined in this study. Each one of these contains a perfect copy of a PKA recognition site (Kennely and Krebs, 1991) , which is in bold and underlined. Other conserved PKA consensus sequences within the same structural domain of the vertebrate Gli-type proteins (box 4) are also in bold and underlined. same area of the protein within box 4 (Fig. 1B) . Taken together, these sequence analyses would suggest that we have isolated the Xenopus Gli-3 homologue and that the XGli-4 sequence represents a novel member of the Glifamily in vertebrates.
Comparative analysis of XGli-3 and XGli-4 expression characteristics
The temporal pattern of XGli-3/XGli-4 gene transcription during embryogenesis, as well as the distribution of XGli-3/ XGli-4 mRNA in adult tissues, was established by RT-PCR analysis (Fig. 3) . XGli-3 starts to be expressed at stage 11.5 (midgastrula) and persists during later stages of embryogenesis. In adult tissues, XGli-3 transcripts are widely distributed over mesodermal, neural and endodermal derivatives, but appear to be absent from ovary/eggs. Embryonic expression of XGli-4 starts significantly earlier than XGli-3; as early as stage 9 (late midblastula) (Fig. 3) . In adult organs and tissues, XGli-3 signals are detected in both mesodermal, endodermal and ectodermal derivatives. However, in contrast to XGli-3, XGli-4 transcripts appear to be absent from structures which originate from the neuroectoderm, such as brain, eye, spinal chord and nerves, but are strongly detected in skeletal muscle.
Whole mount in situ hybridization reveals that XGli-3 and XGli-4 follow distinct, but overlapping patterns of expression during early embryogenesis in Xenopus laevis (Fig. 4) . XGli-4 is the first expressed during gastrulation within the involuting mesodermal mantle, but excludes the future notochord area. Embryonic expression of XGli-3 is neural-specific and first detected at earliest stages of neural differentiation, i.e. approximately at the time of neural induction. In a second wave of expression, XGli-4 transcripts will also become visible in the anterior neuroectoderm, but significantly later than those for XGli-3. Overlapping domains of expression can be observed with tadpole stage embryos in forebrain, midbrain and hindbrain, as well as in most cranial neural crest derivatives. XGli-4 transcription is strong in the hindbrain, otic vesicle and branchial arches. XGli-3 expression in the hindbrain and branchial arches is weaker, and it is not detected in the otic vesicle. Fig. 2 . Primary sequence conservation in Gli-type and Gli-related proteins from vertebrates and invertebrates. The position of conserved sequence elements as defined by Ruppert et al. (1990) and in this study are indicated (see also legend of Fig. 1 ) for different Gli-type proteins. In Gli-related proteins, primary sequence conservation is restricted to the zinc finger domain.
Within the neural tube, both genes are most actively transcribed in the proliferating cells of the ventricular zone.
XGli-3 and XGli-4 can function as transcription repressors
C 2 H 2 -type zinc finger proteins can positively or negatively regulate transcription of target genes. This aspect has, to our best knowledge, not been analyzed for any of the vertebrate Gli-type proteins isolated so far. Therefore, XGli-3 and XGli-4 were assayed for their activities in transcription regulation using transient transfection assays. Both proteins are found to inhibit basal level of expression from a reporter construct containing multiple Gli-binding sites upstream of the TK-promoter, both in COS-1 and in HeLa cells. This repressor effect is dose-dependent and corresponds maximally to a 3-5-fold decrease at the highest concentrations of XGli-3 or XGli-4 tested (Fig. 5A ). In vitro DNA-binding studies demonstrate that the Xenopus Gli zinc finger domain is indeed able to bind to the Gli recognition elements which are present in our reporter constructs (data not shown).
To further prove that binding of XGli-4/XGli-3 to the Gli binding site repeat upstream of the TK promoter, and not other, indirect mechanisms, is responsible for transcription repression, we performed specific competition for Gli binding by cotransfection of a DNA construct that contains multiple Gli binding sites outside of the context of a reporter construct. Addition of this plasmid relieves Gli-3-mediated transcription repression in a dose-dependent manner (Fig.  5A) . Expression of the isolated zinc finger cluster uncoupled from other domains, including putative repressor domains, does not inhibit CAT-reporter activity. Therefore, protein binding to the Gli-recognition elements of the reporter construct alone does not appear to be sufficient for transcription repression. In contrast, a significant stimulation of the reporter activity is observed in the same experiment, arguing for the existence of endogenous Gli-type repressors that could be displaced from the Gli binding sites by an excess of the isolated Gli-type zinc finger domain (Fig. 5A ). Expression of Gli-type proteins has indeed been described to occur in a variety of different human cell lines Ruppert et al., 1990) .
The possibility that the negative regulatory function of XGli-3 and XGli-4 might reflect indirect, rather than direct effects on the reporter construct, was also analyzed by employing two different reporter plasmids. A construct containing multiple Gal-4 binding sites instead of Gli binding sites was repressed by a protein containing the Gal-4 DNA binding domain fused to the v-erb A repressor domain to an extent that is comparable to the degree of repression observed with XGli-3/XGli-4 on the Gli binding site reporter construct, and was strongly activated by a fusion protein containing the Gal-4 DNA binding domain fused to the VP16 activator domain. As expected, expression of the XGli-3 protein has no effect on the activity from this Gal-4 DNA binding site reporter construct, or on the activity from yet a different promoter construct that contains multiple binding sites for a different Xenopus zinc finger protein, termed XMyTI (Fig. 5B ). Taken together, these results clearly indicate that XGli-3/XGli-4 are capable of silencing the activity of a promoter that carries multiple Gli-binding sites.
Counteracting Gli protein function in Xenopus embryos
Based on the in vitro characterization of XGli-3 and XGli-4 proteins as transcription repressors, we have designed an experimental strategy to counteract Gli-function in Xenopus embryos. The basic idea is to create a protein that carries the same DNA binding specificity as the Gli-proteins, but is an activator rather than a repressor of Fig. 3 . Temporal pattern of XGli expression in embryonic development and distribution of XGli-3/XGli-4 mRNA in adult tissue. RT-PCR reactions were carried out with equal amounts of total RNA preparations from the different embryonic stages and adult tissues (as indicated) with sets of primers specific for either XGli-3 or XGli-4, and, as a control for RNA integrity, with primers specific for histone H4 mRNA. transcription. A related strategy has previously been employed in the functional analysis of the transcription activator c-Myb (Badiani et al., 1994) as well as of Xbra (Conlon et al., 1996) , the latter in Xenopus embryos. With the intention of turning the Xenopus Gli-repressor proteins into activators, we fused the Gli zinc finger cluster to the E1A activator domain. In transient transfection assays, this fusion protein was indeed able to counteract the repressor activity of XGli-3, whereas a Gli zinc finger-engrailed repressor domain fusion (Gli-ZF-engR) can cooperate with the full-length Gli proteins in transcription repression (Fig. 5C ).
Early development of albino embryos expressing Gli-ZF-E1A appeared to be normal during gastrulation and early neurulation. However, external examination of Gli-ZF-E1A-and Gli-ZF-injected tadpole stage embryos reveals obvious neural and mesodermal defects. These effects were found to occur at high frequency also with relatively low concentrations of Gli-ZF-E1A activator mRNA injected (Table 1 ). Ectopic expression of either full-length XGli-3 and XGli-4, or of the artificial Gli-ZF-engR repressor construct did not lead to any obvious developmental defects. Furthermore, the phenotypic analysis of embryos injected with control constructs, that carry the E1A activator Fig. 4 . Spatial distribution of XGli-3 and XGli-4 encoding mRNAs in Xenopus embryos. XGli-3 (A-H) and XGli-4 (I-S) gene transcripts were detected by whole mount in situ hybridization. XGli-3 is first detected in the anteriormost portion of the prospective neural plate in stage 12.5 (advanced gastrula) embryos (A). In the process of neurulation this primary domain of expression is maintained and extends in two lines along the anterioposterior-axis as the neural tube starts to close (stage 17). Neural tube stage embryos (stage 20) reveal strong XGli-3 expression in the area of the prospective brain, as well as weaker expression in the dorsal portion of the caudal neural tube (A-C). Xenopus tadpoles (stage 34) exhibit XGli-3-specific signals in forebrain, midbrain and hindbrain, but also in the branchial arches, which are derived from the cephalic neural crest (D,E). Within the neural tube, XGli-3 transcripts are restricted to the ventricular zone (F-H, transverse section at the level fore-, mid-and hindbrain). XGli-4-specific transcripts are first detected in the involuting mesodermal mantle of early and late gastrula (stage 11) Xenopus embryos (I). Axial mesoderm is excluded from the expression domain (J, transverse section). Upon folding of the neural tube (stage 16/17) a second phase of XGli-4 expression becomes apparent within the anterior portion of the neuroectoderm, whereas mesodermal expression appears to be reduced, first on the ventral side and later on the dorsal side (K, parasagittal section, and L). An area of strong mesodermal expression becomes concentrated in the posterior portion of the embryo (M). Late neurula stage (stage 18) Xenopus embryos start to develop a segmented mesodermal pattern of XGli-4 gene transcription corresponding to somites formation. Posterior and somitic mesoderm signals persist in later tailbud stage (stage 25) embryos, which also maintain XGli-4 expression in the anterior neuroectoderm (N). In stage 34 tadpole embryos, the somitic staining pattern has become most obvious, and the posterior mesodermal expression now defines the proliferating tail tip. XGli-4 signals are also visible in the anterior neural system, i.e. midbrain, forebrain and, more strongly, the rhombencephalon, as well as in the branchial arches and in the otic vesicle (O,P). The most anterior portion of tadpole stage embryos reveals an area of XGli-4 expression that is anterior to the forebrain and dorsal relative to the cement gland. This area is also visible in the anteriormost transverse section (Q), and we assume that it may correspond to the mandibular neural crest. Staining is also very pronounced in the branchial arch structures (R, transverse section at the level of the midbrain) as well as in the otic vesicles (S, transverse section at the level of the hindbrain).
domain alone or connected to the MyT1 or the Gal4 DNA binding domains (MyT1-ZF-E1A, Gal4-ZF-E1A), did not reveal any developmental defects. We also tried to rescue the developmental defects induced upon ectopic expression of the activator version of Gli by coinjecting full length mRNA encoding XGli-3 or XGli-4. However, we observed neither a complete nor a partial rescue of the phenotypic effects.
In Gli-ZF-E1A-injected embryos, formation of an ordered array of somites along the anterior-posterior body axis is found to be severely disturbed (Fig. 6A) . Control injected embryos (lacZ alone) exhibit the typical, regular pattern of nuclear b-galactosidase staining resulting from the colinear stacking of cell nuclei within every somite. Injected embryos were also stained for XMyT1 expression, visualizing major elements of the central nervous system, as Fig. 5 . Xenopus Gli-type proteins function as transcription repressors. Various effector plasmids and combinations hereof were transfected into two different cell lines (COS-1 and HeLa) and the activity of proteins encoded by these constructs in transcription regulation measured as CAT-activity driven by the corresponding reporter plasmids. The structure of the various effector and reporter constructs is illustrated schematically in the top left of the figure. The zinc finger domains are represented by small transversally hachured boxes. The length of the various functional domains combined in these artificial fusion proteins is not to scale (see Section 4 for details). (A) XGli-3 and XGli-4 function as transcription repressors; the isolated zinc finger cluster stimulates transcription. The activity of either full-length XGli-3, XGli-4 or the Gli zinc finger cluster was tested on a promoter that contains five copies of the Gli protein DNA binding element in tandem repeat. XGli-3 and XGli-4 repress basal levels of expression in a dose-dependent manner; the zinc finger cluster alone mediates a significant stimulation of transcription. Cotransfection of increasing amounts of competitor binding sites with the XGli-3 expression vector counteracts the repressor activity of Xgli-3. (B) The repressor activity of Xenopus Gli-type proteins is mediated directly via the Gli-recognition elements. A reporter plasmid that contains multiple Gal4 binding sites is negatively regulated by a fusion protein carrying the Gal4 DNA binding domain connected to the erb-A repressor domain, and positively regulated by a fusion protein containing the Gal4 DNA binding site connected to the VP16 activator domain. XGli-3 has no effect on this reporter plasmid and similarly no effect on a reporter plasmid that contains binding sites for a different Xenopus zinc finger protein (XMyT1). (C) The Gli zinc finger cluster alone or connected to the E1A activator domain can counteract repression of transcription by Xenopus Gli-type proteins. The XGli-3 protein was coexpressed with increasing amounts of the Gli-ZF-E1A fusion protein. Transcription levels from a Gli-binding sitedependent promoter were stimulated in a dose-dependent manner. The zinc finger cluster alone exhibits an anti-repressor effect similar to the one obtained with XGli-3. The artificial repressor fusion Gli-ZF-engR leads to increased levels of repression if coinjected with XGli-3.
well as neural crest derivatives (Bellefroid et al., 1996) . Gli-ZF-E1A activator-injected embryos lose the very characteristic and ordered somitic pattern. Horizontal sections derived from such embryos illustrate that the somitic segmentation is completely lost (Fig. 6B) , apparently due to the inability of Gli-ZF-E1A-expressing cells to get organized into regular stacks of cells; this phenomenon is reminiscent of the phenotype observed upon ectopic expression of the Xhox-1A homeobox protein (Harvey and Melton, 1988) . The MyoD family of bHLH proteins is essential for the establishment of muscle cell precursors and their differentiation (reviewed in Weintraub, 1993) . Transcription of the Xenopus MyoD gene is strongly activated during gastrulation. This early MyoD expression in Xenopus is exclusive to the involuting paraxial mesoderm and found to persist in the developing somites (Hopwood et al., 1989a,b) . There is an obvious correspondence of this pattern with mesodermal XGli-4 expression (as described above, Fig. 4) . Analysis of MyoD expression in Gli-ZF-E1A-injected embryos reveals significant alterations in the staining pattern obtained (Fig. 6C) . In the non-injected half of such embryos, MyoD mRNA levels follow myogenic differentiation from cranial to caudal, with low levels in the more anterior somites and high levels in the tail region, where the new myotomes are forming. Counteracting Gli function by microinjection of the Gli-ZF-E1A activator maintains high levels of MyoD expression also in the anterior zone of the developing somites. Overall MyoD mRNA levels are therefore increased and the anterior/posterior gradient of expression is grossly disturbed. This situation could reflect an altered differentiation status of muscle-forming cells in manipulated embryos. Cardiac actin is a different musclespecific gene, which is similarly expressed in the paraxial mesoderm of gastrula stage embryos, and later in the somites as well as in the heart. Although expression of cardiac actin is not affected in the heart (data not shown), Gli-ZF-E1A-injected cells exhibit significantly reduced levels of cardiac actin mRNA in tailbud/tadpole stage embryos in the somite area (Fig. 6C) .
Other developmental defects in Gli-ZF-E1A-injected embryos concern structures derived from the neuroectoderm. Most obviously, manipulated embryos are devoid of a proper eye structure correlating with a significant reduction in the number of Pax-6-expressing cells; note, however, that Pax-6 expression in the neural tube does not appear to be affected (Fig. 7) . The MyT1 zinc finger protein is expressed in most parts of the developing central nervous system and early embryonic expression of this protein serves a function in primary neuronal differentiation (Bellefroid et al., 1996) . Transverse sections at different levels of tadpole stage embryos reveal loss of MyT1 transcription in specific areas of the neural tube upon Gli-ZF-E1A injection. Furthermore, at the open neural plate stage, the number of MyT1-expressing cells is also significantly reduced (Fig. 7) . We have further analyzed the expression of other marker genes in Gli-ZF-E1A-injected embryos which are also involved in neurogenesis. Delta is a signal molecule that inhibits expression of neurogenic bHLH proteins such as NeuroD, which in turn activate structural genes such as Ntubulin (Chitnis et al., 1995; Ma et al., 1996) . We find that counteracting Gli protein function increases Delta mRNA levels, whereas NeuroD and N-tubulin signals decrease (Fig. 7) .
Yet another aspect of neural development is reflected in the effects obtained with expression of the zinc finger protein Krox-20 in Gli-ZF-E1A-injected embryos (Fig. 7) . Krox-20 is expressed in rhombomeres 3 and 5, as well as in neural crest cells which migrate from rhombomere 5 to the third visceral arch (Bradley et al., 1993) . The expression of the Krox-20 gene is required for the proper segmentation of the hindbrain in mice (Schneider-Maunoury et al., 1993) . Hindbrain morphology of Gli-ZF-E1A injected Xenopus embryos appears to be normal; early embryonic expression of Krox-20 in r3 and r5 is also not altered in injected embryos. However, the pattern of neural crest cells which originate from rhombomere 5 is clearly affected. The migration of Krox-20-expressing neural crest cells is strongly inhibited upon Gli-ZF-E1A injection (Fig. 7) . A transverse section from such an embryo reveals that the number of Krox-20-positive cells is not significantly reduced in the injected side of the embryo; rather, these cells appear to be arrested in the area adjacent to the neural tube. Another molecular marker for cranial neural crest cells in Xenopus is the twist gene (Xtwi); it is first expressed in the mesoderm of gastrula stage embryos; in late neurulae, in the anterior cephalic neural crest cells corresponding to a second, major Xtwi expression domain (Hopwood et al., 1989a,b) . Xtwi transcripts are undetectable in the neural crest area of the Gli-ZF-E1A-injected late neurula stage embryo (Fig. 7) . Taken together, these observations strongly suggest that Gli-type proteins have important regulatory functions in the genetic program that are responsible for the early embryonic patterning of mesoderm-and neuroectoderm-derived structures.
Discussion
Transcription repressor activity similar to what we describe for XGli-3 and XGli-4 has been attributed to a number of different ZFPs, such as the WT1 gene product (Drummond et al., 1992) , the KRAB-ZFP family (Margolin et al., 1994; Witzgall et al., 1994) and, in a concentrationdependent manner, to the Drosophila Krüppel ZFP (Sauer and Jäckle, 1991) . Indirect evidences also suggest that the cubitus interruptus protein, which is a Gli-related protein in Drosophila, may function in transcription repression and activation (Dominguez et al., 1996) . It is generally assumed that such repressors directly or indirectly interact with com- Fig. 6 . Ectopic expression of the Gli-ZF-E1A activator interferes with the proper development of mesoderm-and neuroectoderm-derived structures in Xenopus embryos. (A) Representative embryos expressing the different Xenopus Gli-derived protein variants (as indicated). Microinjection of the corresponding mRNAs into one cell of a two-cell stage Xenopus embryo was performed in a mixture with lacZ mRNA in order to identify the treated cells (injected). Embryos were stained for b-gal activity (sky blue) and for expression of the pan-neural marker XMyT1 (reddish brown). Only the injected side is shown. Non-injected sides of embryos appeared to develop normally. (B) Horizontal section of Gli-ZF-E1A activator-and Gli-ZF-engR repressor-injected embryos. The b-gal staining in the injected half of the embryo highlights somitic segmentation. (C) Expression of different molecular markers for muscle development in Gli-ZF-E1A activator-injected embryos. MyoD expression or cardiac actin expression was analyzed by whole mount in situ hybridization (as indicated). IS is the injected side of the embryo, NIS is the non-injected side of the same embryo.
ponents of the basal transcription machinery and thereby prevent the formation of activating protein/protein interactions. In such a situation, repressors would dominate over the function of multiple activators recruited in the context of the same promoter. Conserved sequence elements outside of the zinc finger cluster in XGli-3 and XGli-4 could mediate either direct interactions with basal transcription factors, or indirect ones via corepressor proteins. We would assume that at least some of the conserved elements in Gli-type proteins will be important for such protein/protein interactions in the context of the transcription repressor activity that we have described for In order to analyze the biological activity of Gli-type proteins in Xenopus embryos, we have utilized an experimental strategy which is based on our observation that XGli-3 and XGli-4 can function as transcription repressors in transient transfection assays. Connecting the Gli-type zinc finger cluster to a strong viral transactivation domain creates a dose-dependent antagonistic effect over XGli-3/ XGli-4 repressor activity in the same assay system. A similar approach was taken earlier in the analysis of the transcription activators c-Myb (Badiani et al., 1994) and Xbra (Conlon et al., 1996) , the latter also in Xenopus embryos. We assume that injection of the Gli-ZF-E1A activator construct into Xenopus embryos interferes with the repressor activity of all Gli-type proteins present in such embryos. However, we cannot rule out the possibility that the Gli-ZF-E1A construct will also lead to the ectopic activation of putative Gli target genes in embryonic cells, where these genes are neither repressed by endogenous Gli-type proteins nor activated by positive regulators. It seems likely that not only XGli-3 and XGli-4, but also other Gli-type proteins such as the Gli and Gli-2 homologues, will be expressed during Xenopus embryogenesis. This situation reflects a major advantage but at the same time also a major disadvantage in the experimental approach with a general Gli antagonist that we have presented. The disadvantage is that it is not possible to monitor the biological function for individual members of the Gli family; however, we see an advantage in the possibility to overcome the often encountered problem of functional redundancy reflected in the existence of sets of closely related transcription regulators organized in a common functional network, as for example with the MyoD family of bHLH proteins (Wang et al., 1996) .
The extensive overlap in expression patterns of the different mouse Gli genes, which is equally observed with the two Xenopus Gli genes analyzed here, has already led to the idea of functional redundancy for these proteins during early embryogenesis (Hui et al., 1994) . Indeed, the phenotypic effects that have been ascribed to a sole loss of Gli-3 function in human and in mice become evident only much later in development and they are not as dramatic as the ones resulting from counteracting the activity of the whole family of Gli-type genes in Xenopus embryos. Morphological analysis of Gli-3 mutant mice has revealed developmental defects in neuroectodermal as well as mesodermal derivatives. A high incidence of neural tube closure defects at the mid-hindbrain region as well as severe defects in forebrain development have been reported (Franz, 1994; Hui et al., 1994) . The characteristic skeletal malformation of the mouse mutant extra-toes (Schimmang et al., 1992) corresponds to events which would occur much later in Xenopus development, after metamorphosis. Thus, developmental defects observed upon loss of Gli-3 function in mice, although they equally concern neuroectoderm and paraxial mesoderm derived structures, are much less fundamental than those alterations obtained with the Gli-ZF-E1A activator in early Xenopus embryogenesis. It will be interesting to see the phenotypic effect upon loss of function for other murine Gli-type proteins and, in particular, the loss of combinations of Gli genes. Expression characteristics for Gli-type proteins during early mouse embryogenesis have been established in detail (Schimmang et al., 1992; Walterhouse et al., 1993; Hui et al., 1994) . As in Xenopus, mouse Gli genes are expressed in the early mesoderm as well as in the early neuroectoderm. Expression in the central nervous system is again very similar, with highest levels of expression in midbrain and forebrain areas. Within the neural tube, Gli expression appears to be restricted to the dorsal ventricular zone in both organisms. All three murine Gli-type protein encoding genes are expressed in the developing somites. In spite of this general correspondence for major Gli family expression domains in mouse and Xenopus, the agreement at the level of individual family members is not as good. For example, XGli-3, in contrast to mouse Gli-3, is not found to be expressed in the early embryonic mesoderm, but is specific to the embryonic neuroectoderm. Such a situation is again compatible with the idea of functional redundancy within the Gli family of proteins; in order to maintain Gli protein function in the embryo, expression characteristics of the whole Fig. 7 . Ectopic expression of the Gli-ZF-E1A activator affects neural differentiation. Xenopus embryos were injected with Gli-ZF-E1A-encoding mRNA at the two-cell stage and stained for expression of various neural markers (as indicated). NIS is the non-injected side of the embryo, IS is the injected side. Pax-6 expression in early embryos follows eye development. The number of Pax-6-expressing cells is severely reduced in the injected side of neurula stage embryos. The transverse section is at the level of the eye. cont, for control, is a non-injected embryo. MyT1/N-tub/NeuroD/Delta are molecular markers for primary neuronal differentiation. MyT1/N-tub/NeuroD expression is severely reduced in the injected half of neurula stage embryos. Transverse sections of MyT1-stained embryos are at the level of the eye and otic vesicle, respectively (as indicated). Delta mRNA levels are significantly increased in the injected half of the embryo (as identified by coinjection of lacZ mRNA). Delta-stained embryos are shown from the anterior, dorsal and posterior view, respectively. Krox-20 gene expression identifies the developing rhombomeres 3 and 5 in the hindbrain area, as well as neural crest cells originating from rhombomere 5. The transverse section is at the level of rhombomere 5. twi serves as a molecular marker for cephalic neural crest. Gli-ZF-E1A expression maintains the rhombomeric segmentation of the hindbrain, but inhibits neural crest cell migration and twi expression.
family, but not of individual genes would have to be conserved if the different Gli proteins do indeed exert the same molecular activities.
Expression of the Gli-ZF-E1A activator in Xenopus embryos results in multiple major developmental defects of mesoderm-and ectoderm-derived structures. Muscle development is severely disturbed, as is obvious from a failure to form ordered somitic segments and from effects on the expression of mesoderm/muscle-specific markers such as MyoD and cardiac actin. Neural defects are many-fold; dorsal-ventral patterning of gene expression within the neural tube was found to be grossly disturbed. From the analysis of a set of functionally linked molecular markers which form a cascade involved in primary neurogenesis, we would assume that one primary defect induced upon counteracting Gli-repressor function could be an increase of Delta expression. The repression observed for the downstream genes NeuroD/MyT1/N-tubulin in early neurula stage embryos could be mediated solely by ectopic activation of the Notch/Delta signalling pathway (Chitnis et al., 1995; Bellefroid et al., 1996; Ma et al., 1996) . However, a direct link between Gli-repressor function and Delta gene transcription remains to be established. Absence of eye vesicles argues for a disturbed neural patterning also along the proximo-distal axis; Pax-6 gene transcription as a molecular marker for early eye development was found to be strongly reduced in manipulated embryos. Differentiation of the neural crest cell population was also significantly affected. At least some of these cells lose the characteristic ability for directional lateral migration and they no longer express the twist gene as a molecular marker for cephalic neural crest. All developmental defects detected correlate with major domains of Gli gene expression in Xenopus embryos. For the future, it will be most informative to identify direct target genes for the Gli-type transcription repressors in order to understand the mode of action for this highly conserved family of zinc finger proteins.
Materials and methods
Molecular cloning of XGli-3 and XGli-4 cDNAs
Random primed cDNA was prepared on total RNA preparation from stage 17, 21 and 40 Xenopus embryos. Degenerate oligonucleotide primers were P1 (5′-CA(A/G)TA(T/ C)ATG(C/T)T(A/T/G/C)(A/G)T(T/C/A/G)GT(T/C/A/G)C-A(T/C)(A/G)T) and P2 (5′-A(A/G)(A/G/C/T)(G/C)(A/ T)(G/A/T/C)(G/C)(A/T)(G/A/T/C)GG(A/G)TC(T/G/C/A)-GT(A/G)TA) corresponding to conserved sequence elements within the zinc finger domain (finger 2 and 5) of the human and mouse Gli-type proteins. PCR amplification conditions were as recommended by the manufacturer (Perkin Elmer/Cetus) with an annealing temperature of 50°C. The XGli-3 and XGli-4 PCR products were used to probe a stage 21 lZAPII library (Stratagene) as described in Bellefroid et al. (1991) ; two partial cDNA clones were isolated. In order to complete both cDNAs, we made use of a somite stage lZAPII library (Stratagene), a tadpole stage head lpBK-CMV library (Stratagene) and a stage 17 neural plate lgt10 library (Kintner and Melton, 1987) . A composite cDNA sequence was compiled with the sequence Analysis Software Package (version 5) of the University of Wisconsin Genetics Computer Group.
Plasmid constructions
A full length cDNA of XGli-3 was constructed in the expression vector pCS2 + (Rupp et al., 1994; Turner and Weintraub, 1994 ) by combination of a 2.7 kb EcoRI-StuI fragment covering the 5′-region with a 3 kb StuI-StuI restriction fragment covering the 3′-region. The 5′ non-coding region was eliminated by introduction of a BamHI site close to the translation start and recloning of a resulting BamHI fragment containing the entire open reading frame. This full length clone is termed pXGli-3. A full length XGli-4 cDNA was constructed in the same vector by combination of a 1.4 kb SmaI restriction fragment containing the 5′-region with a compatible fragment that contains the complementary 3′-region. The full length coding sequence (4.7 kb) was then transferred into BamHI-XhoI sites of the pCS2 + vector to give pXGli-4. A fragment comprising the zinc finger domain of XGli-3 (aa 484-641) was generated by PCR from the pXGli-3 plasmid. The PCR product was cloned into EcoRI-XbaI digested pCS2 + NLS + MT vector (Rupp et al., 1994; Turner and Weintraub, 1994) . The resulting construct is termed pGli-ZF. A fragment encoding amino acids 2-299 of the Drosophila engrailed (en) gene was generated by PCR from a partial engrailed (en) gene clone (Han and Manley, 1993) . The resulting fragment was inserted into XbaI-SnaBI digested pGli-ZF to give pGli-ZF-engR. A fragment encoding amino acids 121-223 of the E1A gene was generated by PCR from pM(Gal4) + E1A (Lillie and Green, 1989; Sadowski et al., 1992) . The fragment was inserted into XbaI digested pGli-ZF plasmid to give pGli-ZF-E1A. The reporter plasmid pGli-BE (CAT) contains the A4 genomic fragment isolated by Kinzler and Vogelstein (1990) , including five copies of the Gli target sequence cloned upstream of the tk promoter of pBL-CAT2 (Luckow and Schütz, 1987) . The pMyT1-BE (CAT) reporter is described in Bellefroid et al. (1996) . The pGal4-erbA and pGal4-BE (CAT) vectors are described in Baniahmad et al. (1991) . pGal4-VP16 contains the XhoI-BamHI fragment from pMAS40 (Sadowski et al., 1988) inserted into XhoI-BamHI of pAB-Gal4 vector (Baniahmad et al., 1991) . All constructs were checked by restriction mapping; products from PCR reactions were verified by double-stranded sequencing.
RNA isolation and RT-PCR analysis
Total RNA from oocytes and embryos and from tissues of adult frogs was extracted as described by Döring and Stick (1990) and Choczynski and Sacchi (1987) . RT-PCR was carried out using the Gene Amp RT-PCR kit (Perkin-Elmer Cetus). First-strand cDNA was synthesized from 1 mg total RNA with random hexanucleotides as primers. For quantitative RT-PCR the linear range of amplification was determined by PCR with 1 mg of total RNA of stage 46 embryos for various numbers of cycles. Xgli-3-specific primers were P10 (5′-TCCAGCCAGTGCATCT-GATTCC) and P11 (5′-ATATGAAGGGCATTAGCTC-CAGC); Xgli-4-specific primers were P12 (5′-GGAGCT-CCTGGTGCAGAGC) and P13 (5′-TTGTTGCTGGGAG-GAGCTGG).
Whole-mount in situ hybridization and histological procedures
Whole-mount in situ hybridization was done as described . XGli-3 antisense RNAs were generated from BamHI digested pB-SK-XGli-3/3.2B; XGli-4-specific probes were prepared from SalI digested pB-SKXGli-4/5. XDelta antisense RNA was generated from XhoI linearized pCS2 + X-Delta-1 (Chitnis et al., 1995) , NeuroD probes from XbaI linearized pBS-SK + X12A (Lee et al., 1995) , Xtwi probes from EcoRI linearized pCS2 + Xtwi (Lee et al., 1995; Hopwood et al., 1989a) , XKrox-20 probes from EcoRI digested pGEM4(XKrox-20(5′)) (Bradley et al., 1993) , N-tubulin RNAs from BamHI linearized pB-KS + 24-10 ( Richter et al., 1988) , XMyT1 probes from a ClaI linearized pB-KS + (Bellefroid et al., 1996) , Pax-6 probes from NcoI digested pGEMT(XPax-6) (Hollemann et al., manuscript in preparation) , XMyoD probes from BamHI digested pSP73-XMyoD2-24/3 (Hopwood et al., 1989b) , and cardiac actin probes from EcoRI digested pSP21S (Mohun et al., 1984) . Thirty and 8 mm sections were taken and processed as described .
Transient transfection assays
Plasmid DNA was introduced into 30-50% confluent COS-1 or HeLa cells, maintained in Dulbecco's modified Eagle's medium (DMEM) and 10% fetal calf serum, by calcium phosphate coprecipitation (Graham and van der Eb, 1973; Busslinger et al., 1981) . Transfection mixtures always contained 10 mg of the corresponding reporter plasmids. Effector plasmids were added as indicated. The amount of DNA in each transfection was adjusted to 30 mg by addition of carrier DNA. Cells were harvested 8 h after transfection, washed twice with PBS and extracts prepared by three cycles of freezingthawing in 0.25 M Tris-HCl (pH 7.5). Samples were heated to 65°C for 10 min and clarified by centrifugation prior to the assay for CAT activity. Results are presented as the average of at least four independent transfection experiments.
Embryos and mRNA injection
Xenopus embryos were generated according to standard procedures. Test-RNAs mixed with marker lacZ transcripts were injected into a single blastomere of two-cell-stage embryos. Injection of 4 nl of 50 mg/ml RNA solution usually gave better than 75% survival rates. After injection, the embryos were kept for a further 1 h in 4% ficoll in 1/10 MBSH to prevent leakage of the embryos before they were transferred to 1/10 MBSH supplemented with penicillin and streptomycin. Embryos were kept at 18°C and staged according to Nieuwkoop and Faber (1967) .
